Published evidence suggests that frequent hemodialysis (more than three times per week) for patients with ESRD may improve health-related quality of life and has the potential to increase longevity and reduce hospitalization and other complications. Here, a Monte Carlo simulation model was used to compare varying combinations of in-center hemodialysis frequency (three to six treatments per week) and session length (2 to 4.5 h per session) with regard to unadjusted and quality-adjusted life-years and total lifetime costs for a cohort of 200,000 patients, representing the prevalent ESRD population. The incremental cost-effectiveness ratio was calculated for the various regimens relative to a conventional hemodialysis regimen (three treatments per week, 3.5 h per session). Using conservative assumptions of the potential effects of more frequent hemodialysis on outcomes, most strategies achieved a costeffectiveness ratio of Ͻ$125,000, although all had a cost-effectiveness ratio of Ͼ$75,000. The costeffectiveness ratio increased with the frequency of hemodialysis. More frequent in-center hemodialysis strategies could become cost-neutral if the cost per hemodialysis session could be reduced by 32 to 43%. No other change in model assumptions achieved cost neutrality. In conclusion, given the extraordinarily high costs of the ESRD program, the viability of more frequent hemodialysis strategies depends on significant improvements in the economic model underlying the delivery of hemodialysis.
ESRD affects approximately 400,000 people in the United States, with the majority on hemodialysis, typically prescribed three times weekly for between 3.0 and 4.0 h per session. The rationale for frequency (three rather than one or two or four or more sessions per week) was initially based on effects of hemodialysis on neurocognitive function 1 as well as logistic issues (e.g., machine availability, payment strategies) and the perceived burden of care relative to the burden of disease. The usual hemodialysis session length has varied over time, influenced by technological advances (e.g., larger surface area dialyzers) and informed by evidence from observational databases and, to a lesser extent, randomized clinical trials. Despite improvements in dialysis technology and efforts to enhance therapy through evidence-based practice, mortality rates have remained extremely high (generally Ͼ20% per year in the United States). 2 Although dialysis has been reasonably effective at sustaining life in the majority of patients with ESRD, dialysis has failed to restore their health. Hospitalization is frequent and often prolonged, and studies examining functional capacity and health-related quality of life have suggested that patients on dialysis experience unacceptable degrees of morbidity associated with their disease. [2] [3] [4] In recent years, several hemodialysis centers in the United States, Canada, and Europe have explored strategies of more frequent hemodialysis in selected patients. Published reports on frequent he-modialysis (five or six times per week with variable session lengths) have suggested improvements in health-related quality of life, [5] [6] [7] along with other benefits that might be expected to enhance survival, including a reduction in left ventricular hypertrophy 8, 9 ; correction of sleep apnea 10 ; and improved control of hypertension, mineral metabolism, endocrine abnormalities, and anemia. 11, 12 These observations have been criticized on the basis of the selection of study subjects and the unblinded assessment of outcomes, some of which are highly subjective, although published (and unpublished) reports were compelling enough to prompt the National Institutes of Health and the Centers for Medicare and Medicaid Services to sponsor two randomized clinical trials comparing frequent (in-center and home nocturnal) and conventional hemodialysis (http://www.clinicaltrials.gov/ct/show/NCT00271999). Because of feasibility concerns and fiscal limitations, the planned sample sizes of the randomized clinical trials were fixed at 250 per study with an on-treatment study duration of 12 mo; calculated statistical power was insufficient to infer estimates of the effects of changes in hemodialysis frequency on life expectancy.
To address the potential effects of hemodialysis frequency and session length on life expectancy, costs, and cost-effectiveness, we conducted a Monte Carlo simulation altering hemodialysis frequency from three to six times per week while altering session length between 2.0 and 4.5 h. We provided base case assumptions of the effects of session length on mortality on the basis of integrated evidence from the published literature [13] [14] [15] [16] and imputed estimates of the effects of frequency on mortality derived from expert opinion, using conservative estimates and sensitivity analysis to bracket a range of potential effects. Our goal was to examine whether under very conservative estimates of the effects of frequency on mortality, any frequent in-center hemodialysis strategies that would enhance longevity at a reasonable cost could be identified. A complementary objective was the identification of the key factors that could enhance the cost-effectiveness of such strategies.
RESULTS
On the basis of reasonable assumptions of the potential effects of more frequent hemodialysis on mortality and hospitalization, we determined that a change from conventional in-center hemodialysis (three times per week, 3.5 h per session) to a more frequent hemodialysis strategy would be expected to increase life expectancy by between 2 and 24 mo (depending on the frequency-four, five, or six times per week), across a range of session lengths (2.0 to 4.5 h per session). More frequent in-center hemodialysis would be considerably more expensive, but cost-effectiveness ratios were generally estimated in the range of $100,000 per quality-adjusted life-year (QALY). Figure 1 demonstrates the incremental costs on the vertical axis and the incremental life expectancy on the horizontal axis relative to current practice under the baseline assumption for all frequency and session length combinations tested. The dotted lines indicate the "lines of identity" at $75,000 per life-year and $125,000 per life-year saved. Table 1 provides simulation output data for three of the strategies-(3, 3.5) (conventional therapy), (4, 3.0), and (5, 2.5)-showing data on the average life expectancy, total lifetime costs, the probability of survival at 1 and 5 yr, hospital admissions per patient per year, and the incremental cost-effectiveness ratios.
Results for break-even analyses and are shown in Tables 2 and  3 . Our analysis indicated that it was not possible for (4, 3.0) and (5, 2.5) to break even with (3, 3.5) in terms of total lifetime cost just by reducing the relative risk for hospitalization; however, it was possible to break even in average annual cost, and the break-even points are shown in Table 2 : (4, 3.0) required the relative risk to decrease to 0.46, whereas (5, 2.5) required a complete elimination of hospitalization to break even with (3, 3.5) . Also shown in Table  3 , it was possible to break even in total lifetime cost by reducing the cost rate for dialysis: For (4, 3.0), the reduction needed was 32%; for (5, 2.5), a reduction of 43% was required.
When the analysis was repeated using the more conservative assumptions, all cost-effectiveness ratios increased and break-even assumptions changed as expected: Under the reduced effect of time assumptions, (4, 3.0) and (5, 2.5) required dialysis costs to be reduced by 34 and 46%, respectively, whereas under reduced effect of frequency assumptions, the corresponding required cost reductions were 23 and 33%.
DISCUSSION
Clinical trials provide the gold standard for guiding changes in dialysis practice; however, large-scale clinical trials on frequent versus conventional hemodialysis may never be conducted. Culleton et al. 17 recently reported results from a randomized clinical trial in which 52 patients were recruited from 10 dialysis units at two universities in Alberta and treated on protocol with either five to six nights per week for 6 h per session or conventional thrice- CLINICAL EPIDEMIOLOGY www.jasn.org weekly hemodialysis over a 6-mo study period. The primary outcome was change in left ventricular mass. Prespecified secondary outcomes included change in health-related quality of life, change in predialysis systolic BP, change in erythropoietin-to-hematocrit ratio, and change in calcium-phosphate product.
Using an intention-to-treat approach (assuming no change among patients with no follow-up cardiac imaging), there was a relative difference in left ventricular mass of 15.3 g between the groups; the difference was of marginal statistical significance. Among the secondary outcomes explored, nocturnal hemodialysis resulted in the use of fewer antihypertensive medications and trends toward lower systolic and diastolic BP. a Simulation output data for three of the strategies: (3, 3.5), (4, 3.0), and (5, 2.5). These strategies were chosen as benchmarks for simplicity of presentation. ЉBaselineЉ refers to the optimistic assumptions in Tables 5 and 6 , whereas Љreduced effect of timeЉ (Љreduced effect of frequencyЉ) refers to the combination of the optimistic assumptions in Table 5 (5) and the conservative assumptions in Table 6 (4). ЉFirst-year costЉ refers to the total cost within the first year of initiating dialysis. SE are shown in parentheses.
Predialysis serum phosphorus was significantly reduced by nocturnal hemodialysis despite reduced use of phosphate binders. Nocturnal hemodialysis did not result in a change in health-related quality of life as assessed by the EuroQol EQ-5D index score, although it did yield improvements in the perceived "effects" and "burden" of kidney disease, from the Kidney Disease Quality of Life Short Form (KDQOL-SF) questionnaire. There was no difference in the frequency or duration of hospitalizations or in complications, including those associated with vascular access. Gaps in the current evidence base regarding the efficacy of more frequent hemodialysis may be filled by the ongoing National Institutes of Health-and Centers for Medicare and Medicaid Services-sponsored trials; however, neither the Canadian trial nor the ongoing US trials had sufficient power to detect measurable differences in mortality or event rates. At best, these trials can determine the effects of frequent hemodialysis on selected intermediate outcomes, some of which are self-reported and subject to bias. They will not provide reliable estimates on the effects of frequent hemodialysis on survival or cost-effectiveness.
The aim of this study was to determine the cost-effectiveness of a variety of frequent in-center hemodialysis strategies, assuming that there are favorable effects of increased frequency on patient outcomes (if there are not favorable effects, then frequent in-center hemodialysis would be "strictly dominated" as a more costly but not more effective alternative). Figure 1 demonstrates that the incremental cost-effectiveness ratio for any new policies relative to current practice will be at least $75,000 per life-year gained under a set of conservative assumptions about the efficacy of frequent in-center hemodialysis. None of the strategies using six-times a week hemodialysis achieved a cost-effectiveness ratio of Ͻ$125,000. Using the conventional benchmark of $50,000 per life-year gained, these results suggest that frequent in-center hemodialysis strategies are unlikely to be considered cost-effective unless increasing the frequency of in-center hemodialysis exerts much more favorable effects on outcomes and associated costs than assumed here. This in turn raised the question on which of the assumptions made in the analysis could potentially lead to a better (lower) cost-effectiveness ratio. We focused on assumptions about hospital admission rates and in-center hemodialysis session costs. We have found that for more frequent in-center hemodialysis strategies to be "cost-effective" by conventional metrics, they should be accompanied with a dramatic reduction in hospital admission rates (in some cases, complete reduction of hospital admissions). On the basis of current evidence, such reduction seems ambitious and unlikely. We have also discovered that a reduction in the per-session cost of incenter hemodialysis could considerably improve the cost-effectiveness of more frequent in-center hemodialysis strategies. If the per-session costs were reduced by between 32 and 43% relative to current costs, then strategies involving more frequent in-center hemodialysis could be budget-neutral.
The major implication from this analysis is that more frequent in-center hemodialysis strategies are unlikely to be considered cost-effective unless they involve four or five times per week (rather than six or seven) and are accompanied by a commensurate reduction in the cost of each session. Given that our model already assumed what many would consider a generous benefit of increased frequency on outcomes (a 32% reduction in mortality with 6 compared with 3 d/wk), costs of more frequent in-center hemodialysis may be prohibitive unless the benefits are overwhelming and/or the costs of delivering hemodialysis could be significantly reduced.
The analyses presented here have several important strengths. The input data were derived from a national registry highly representative of the US hemodialysis population. We used sophisticated, previously validated modeling methods to generate stable estimates of life expectancy, costs, and incremental cost-effectiveness. We provided multiple alternatives of frequency and session length and conservative estimates of the effects of these interventions. There are also several important limitations. Although we integrated extensive data on the associations between session length and mortality, there were no available data on the association between frequency and mortality and the available data on frequency and hospitalization were so heavily confounded by indication that they were not used; therefore, we imputed hazard ratios for the estimated effects of frequency on mortality and hospitalization. We believe that these estimates were conservative and reasonable, on the basis of the effects of frequent hemodialysis on intermediate outcomes in the published literature. For instance, left ventricular hypertrophy [17] [18] [19] and hyperphosphatemia 17, 20, 21 have been consistently associated with large (20 to Ͼ50%) increases in the relative risk for death in multiple observational studies. Finally, the precise measures of longevity, costs, and cost-effectiveness derived from the simulation depend on factors other than frequency and session length, including the covariates included in Table 4 ; however, the simulation model was validated previously and shown to replicate closely observed outcomes across all major patient subgroups. Moreover, the goals of this endeavor were to provide ballpark estimates rather than precise ones, particularly in light of the absence of data on the relation between hemodialysis frequency and outcomes.
In summary, using Monte Carlo simulation, we have provided estimates of longevity, costs, and cost-effectiveness for a variety of potential alterations in in-center hemodialysis frequency and session length. These results should not be considered definitive but may provide a framework on which to consider how changes in the provision of hemodialysis care might affect patient outcomes and ESRD program costs. Although modest improvements related to more frequent in-center hemodialysis might enhance longevity and potentially enhance health-related quality of life, strategies using more frequent in-center hemodialysis would likely increase ESRD program costs considerably, unless the effects of frequent hemodialysis on hospitalization are dramatically more beneficial than we have assumed; therefore, major changes in dialysis delivery systems (e.g., a transition to home-based therapies) will be required to derive any benefits that might be present without incurring excessive costs.
CONCISE METHODS
A computer simulation model simulated costs and outcomes for various choices of hemodialysis frequency and session length. The simulation model has been previously described. 22 Briefly, the model had two components. The patient generation component created representative patient cohorts by sampling with replacement from the prevalent patient population in the US Renal Data System (USRDS). The patient simulation component generated a sequence of simulated transitions among health states for all patients in the patient cohorts. Transitions among health states were governed by probabilities estimated empirically using data from the USRDS and Kaiser Permanente Northern California, an integrated health care delivery system. Approximately one quarter of a million possible health states were included in the model to capture the demographic, comorbid, laboratory, and modality factors described in Table 4 . Transitions among states captured common clinical events in ESRD: Hospital admissions, decline in kidney function, transplantation, graft failure, and death. We previously demonstrated that the simulation model realistically replicated long-term outcomes and treatment costs for all patient cohorts simulated. 22 
Patient Cohorts
For this study, we simulated a cohort of 200,000 patients representing a random sample from the USRDS. The large sample size was chosen to ensure high confidence in the average quantities obtained from the simulation. The simulation was replicated five times for each cohort for calculating SE for the simulation-generated averages.
Dialysis Strategies
Patients were slated to start dialysis when their estimated GFR fell below 9 ml/min per 1.73 m 2 . Dialysis would occur at a fixed frequency 
Dosage-Response Representation
An important component of the simulation model was the representation capturing the relation between hemodialysis "dosage" [represented here by paired values (N, T)] and transition rates between health states. Ordinarily, to develop such a representation, one would need data from actual patients receiving hemodialysis differing from the standard (3, 3.5) average dosage, but no such data were available; therefore, we took a different approach in which we first estimated hazard rates at the standard dosage; assumptions were then made about the effect on hazard rates as a result of each incremental deviation from the standard dosage. For example, compared with a session length of T ϭ 3.5, we assumed a certain percentage reduction in hazard when T was increased to T ϭ 4.0 and a further incremental reduction when T was increased to T ϭ 4.5; the overall (cumulative) reduction in hazard when time was increased from 3.5 to 4.5 would be the product of the two percentages. A similar scheme was assumed for hemodialysis frequency. When both frequency and time differed from the standard average values of (3, 3.5), the resulting hazard reduction was assumed to be the product of the independent reductions for frequency and time.
This dosage-response model was used to describe how changes in hemodialysis might attenuate hospital admissions and mortality in the simulation. Two sets of assumptions, one optimistic and the other conservative, were used for each dosage parameter. Tables 5 and 6 summarize these assumptions in terms of incremental and cumulative reductions (the latter in parentheses). Optimistic assumptions reflect larger effects of frequency and time; the conservative assumptions reflect smaller effects. In other words, where estimating the effects of alterations in time, the "optimistic" assumptions yielded lower relative risks for session lengths longer than 3.5 h and higher relative risks for session lengths shorter than 3.5 h compared with the "conservative" assumptions.
Pairing assumptions in Tables 5 and 6 led to three "dosage response" scenarios: "Baseline" (optimistic assumptions for both frequency and time), "reduced effect of frequency" (conservative assumptions for frequency and optimistic assumptions for time), and "reduced effect of time" (optimistic assumptions for frequency and conservative assumptions for time).
The simulation was replicated for each of the three scenarios. In total, the simulation was replicated 315 times: 315 ϭ 21 (strategies) ϫ 3 (dose response scenarios) ϫ 5 (for SE calculations). Each time, the simulation evolved 200,000 patients from the onset of ESRD through death.
Outcomes
The outcomes from the simulation included costs, life expectancy, and QALY. Life expectancy measured the total survival time from the beginning of the simulation; QALY was similar to life expectancy but adjusted each period of survival by the health utility of the patient during that period, with discounting. Discounting was used in calculating both costs and QALY to reflect intertemporal tradeoff. A standard discount rate of 3% was used. Costs included all treatment-related expenses over the simulated lifetime of each patient: Dialysis (fixed and variable components), erythropoietin and other drugs, transplantation (initial event and each subsequent year), transplant failure, inpatient hospital admissions, and outpatient checkups. Cost rates were estimated using data of actual Medicare payments from the USRDS and included both Part A (institutional) and Part B (institutional and physician/supplier) claims. Details regarding the estimation or sources of health utilities and cost rates have been previously published. 4 
Break-Even Analyses
To examine the factors that affect the cost-effectiveness of frequent hemodialysis strategies, we performed "break-even analysis" as follows. For simplicity of presentation, we took (4, 3.0) and (5, 2.5) as benchmarks for increased frequency (shown in Table 1 ). For each of the benchmark strategies, we determined the necessary reduction in hospital admission rates and dialysis cost rates that would make the total lifetime costs equal to the cost of the current strategy (3, 3.5).
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